Obesity is a risk factor for periodontitis, but the pathogenic mechanism involved is unclear. We studied the effects of insulin in periodontal tissues during the state of obesity-induced insulin resistance. Gingival samples were collected from fatty (ZF) and lean (ZL, control) Zucker rats. Endothelial nitric oxide synthase (eNOS) expression was decreased, and activities of protein kinase C (PKC) α, ß2, δ, and ε isoforms were significantly increased in the gingiva from ZF rats compared with those from ZL rats. Expression of oxidative stress markers (mRNA) and the p65 subunit of NF-κB was significantly increased in ZF rats. Immunohistochemistry revealed that NF-κB activation was also increased in the gingival endothelial cells from transgenic mice overexpressing NF-κBdependent enhanced green fluorescent protein (GFP) and on a high-fat vs. normal chow diet. Analysis of the gingiva showed that insulin-induced phosphorylation of IRS-1, Akt, and eNOS was significantly decreased in ZF rats, but Erk1/2 activation was not affected. General PKC inhibitor and an anti-oxidant normalized the action of insulin on Akt and eNOS activation in the gingiva from ZF rats. This provided the first documentation of obesity-induced insulin resistance in the gingiva. Analysis of our data suggested that PKC activation and oxidative stress may selectively inhibit insulin-induced Akt and eNOS activation, causing endothelial dysfunction and inflammation.
rEsEArch rEpOrts biological IntrODuctIOn r ecent studies have suggested that overweight and obesity are associated with periodontal disease progression (Chaffee and Weston, 2010) , independent of glycemic control (Saito and Shimazaki, 2007) or the diagnosis of diabetes (Gorman et al., 2012) . Genco et al. (2005) reported that body mass index (BMI) was positively correlated with the severity of periodontal attachment loss and insulin resistance. Insulin resistance, observed in diabetes and obesity, has been associated with increased risk of cardiovascular disease, hypertension, and chronic kidney disease (Rask-Madsen and King, 2007) . Thus, it is possible that insulin resistance may also play an important role in the acceleration of periodontitis in patients with metabolic syndrome or diabetes. However, no experimental study has demonstrated either that insulin resistance exists in the gingiva or the mechanism for its induction in obese and diabetic states.
The Zucker fatty (ZF) rat, an established model of obesity-related insulin resistance with pre-diabetes, hyperinsulinemia, hyperlipidemia, and glucose intolerance (Bray, 1977) , has been reported to have greater alveolar bone resorption in comparison with normal Sprague-Dawley rats (Perlstein and Bissada, 1977) . Pontes Andersen and co-workers experimentally demonstrated the worsening of periodontitis in ZF than Zucker lean (ZL) rats correlated to impaired glucose tolerance (IGT) (Pontes Andersen et al., 2007) .
This study characterized insulin signaling and actions and the mechanism of insulin resistance caused by protein kinase C (PKC) activation in the gingiva from obesity-induced insulin-resistant rodent models compared with their lean controls.
MAtErIAls & MEthODs

Animals
Male ZF rats (ZF-fa/fa; n = 12) and their lean matched controls (ZL-fa/+; n = 12) at 12 wk of age were supplied by Charles River Laboratories (Wilmington, MA, USA). After rats fasted for 14 hr, they were anesthetized, and blood was collected for the measurement of glucose, serum insulin, free fatty acids (FFA), and cytokines. Intraperitoneal glucose tolerance test (IGTT) was performed to confirm insulin resistance. To evaluate the nuclear factor-κB (NF-κB) activity in periodontal tissue, we used NF-κB activation-dependent enhanced GFP transgenic mice (cis-NF-κB EGFP ). They were produced as described previously (Magness et al., 2004) and generously provided by Obesity-associated Gingival Vascular Inflammation, Insulin Resistance 
tissue harvesting and Alveolar bone Analysis of Zucker rats
Marginal gingival samples were collected around mandibular molars and stored in liquid N 2 or kept in Dulbecco's Modified Eagle's Medium (DMEM) containing 0.1% bovine serum albumin (BSA). After the soft tissue was removed, the mandibles were treated with 0.1-N NaOH and stained with 1% methylene blue solution for adequate identification of the cemento-enamel junction (CEJ). The vertical distance from the CEJ to the buccal alveolar bone crest at 9 sites on each side of the mandibular molars was measured by digital stereomicroscope photography. Periodontal bone loss was calculated as the mean of 18 measurements from the left and right mandibles of each animal.
Ex vivo study of Gingiva from Zucker rats
Dissected gingiva was kept in DMEM containing 0.1% BSA for 90 min at 37°C and treated with insulin (100 nM) for an additional 30 min. The tissues were frozen and kept at -80°C for analysis. Inhibitors such as a general PKC inhibitor, bisindolylmaleimide I (GF109203X; GFX, 5 μM), or an anti-oxidant, N-acetyl-L-cysteine (NAC, 10 mM), were added 60 min before insulin stimulation.
Immunoprecipitation and Immunoblotting of Gingiva, liver, and Aorta from Zucker rats Tissues were homogenized in T-PER tissue extraction reagent (Pierce, Rockford, IL, USA). Protein content was measured by a Bio-Rad assay kit, separated by SDS-PAGE, transferred to a PVDF membrane, and blocked with 5% BSA. Antigens were detected with anti-rabbit horseradish-peroxidase-conjugated antibody for Western blotting and visualized with enhanced chemiluminescence reagents (Pierce). Lysates from insulintreated or untreated tissue samples were immunoprecipitated in the presence of protein A-Sepharose with insulin receptor-beta (IR-ß) or IR substrate 1 (IRS-1) antibody (Cell Signaling Technology, Danvers, MA, USA). Immunoblotting was performed with anti-phospho-tyrosine antibodies, total-and phospho-Akt (Ser473) antibodies, total-and phospho-Erk1/2 antibodies, and total-and phospho-eNOS (Ser1177) antibodies (1:1,000 dilution; Cell Signaling Technology). Protein was normalized with a mouse monoclonal anti-ß-actin antibody (1:3,000 dilution; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Densitometry quantification was performed with NIH Image J software.
separation of cytosol and Membrane Fractions of Gingival tissue lysate
Cytosol and membrane fractions of lysate from gingival samples were fractionated by several ultracentrifugation steps, as described previously (Inoguchi et al., 1992) . PKC α, ß2, δ, and ε isoforms were quantitated by immunoblot analysis (1:1,000 dilution; Santa Cruz Biotechnology, Inc.). 
nF-κb Immunoblot Analysis of Gingiva from Zucker rats
Nuclear fractions of lysate from the gingival samples were fractionated as described above. Immunoblotting was performed with anti-NF-κB (p65) (1:1,000 dilution; Santa Cruz Biotechnology, Inc.) and anti-proliferating cell nuclear antigen (PCNA) antibodies (1:1,000 dilution; Cell Signaling Technology).
Immunohistochemistry in periodontal tissue of cis-nF-κ b EGFp Mice
Dissected mandibles from obese and control cis-NF-κB EGFP mice were fixed and decalcified with 0. Compared with ZL rats, body weights were significantly increased in ZF rats by 1.6 ± 0.1-fold (p < .05, Appendix Table 2 ). Plasma levels of insulin and FFA were increased in ZF rats by 5.3 ± 1.4-fold and 3.0 ± 0.7-fold compared with those in ZL rats, respectively (p < .05, Appendix Table 2 ). Intraperitoneal glucose tolerance testing showed significant elevations of glucose and insulin levels in ZF vs. ZL rats (Appendix Fig. 2 ). In cis-NF-κB EGFP mice, the HFD group showed significantly increased body weight and fasting blood glucose levels compared with the normal-diet group (p < .05) (Appendix Table 3 ).
systemic Oxidative stress and Inflammation in Zucker rats
Oxidative stress markers as measured by plasma MDA and CRP levels were significantly increased in ZF rats by 1.43 ± 0.35-fold and 1.30 ± 0.27-fold, respectively, compared with those in ZL rats (p < .05, Appendix Table 2 ).
Alveolar bone loss in Mandibles of Zucker rats
After removal of the soft tissue from mandibles, bone loss was observed around lower molars in all mandibles. Morphometrically, the mean distances between the bone crest and the CEJ were 0.82 ± 0.03 mm in ZF rats and 0.79 ± 0.04 mm in ZL rats, which did not differ significantly (Appendix Figure 1) . In the gingival tissue, insulin-induced tyrosine phosphorylation of its receptors, IR-ß and IRS-1, was decreased in ZF rats compared with ZL rats by 80.5% and 63.6%, respectively (p < .05, Appendix Fig. 4 ). Insulin increased phosphorylation of Akt (p-Akt) by 22.5 ± 3.4-fold in ZL rats, and was decreased by 54.5 ± 8.4% in ZF rats (p < .05, Figs. 1A, B ), although Akt protein expression was not significantly different between the 2 groups. Insulin increased phospho-Erk1/2 (p-Erk1/2) levels by more than 10.1 ± 1.1fold in both ZL and ZF rats (p < .05). Interestingly, basal levels of p-Erk1/2 were increased by 2.2 ± 0.5-fold in ZF compared with ZL rats (p < .05, Fig. 1C ).
Mean protein expression of eNOS in the gingiva from ZF rats was decreased by 64 ± 14.4% compared with that from ZL rats (p < .05, Fig. 1D ). Insulin increased phosphorylation of eNOS on Ser1177 (p-eNOS) in the gingiva from ZL rats by 17.8 ± 3.9-fold, and decreased by 53.6 ± 10.6% in ZF rats (p < .05, Fig.  1E ). Insulin activation of p-Akt in the liver and aorta from ZF rats was also inhibited compared with that from ZL rats (Appendix Fig. 3 ), as previously reported (Naruse et al., 2006) .
Activation of pKc Isoforms in the Gingiva of Zucker rats
Several PKC isoforms are known to induce insulin resistance in obese and diabetic states. Compared with ZL rats, membraneassociated expressions of PKCα, ß2, δ, and ε were increased by 137.2 ± 19.7%, 157.0 ± 7.8%, 139.3 ± 22.8%, and 125.9 ± 22.1%, respectively. The cytosol-associated expressions of their PKC isoforms were unchanged ( Figs. 2A-2C ).
Evaluation of Inflammatory and Oxidative stress Markers in the Gingiva of Zucker rats
Inflammatory markers in the gingiva with the induction of insulin resistance were also examined. Expression (mRNA) of tumor necrosis factor (TNF)-α, interleukin (IL)-6, and monocyte chemoattractant protein (MCP)-1 was similar between ZF and ZL rats. In contrast, the mRNA levels of p47phox, NOX2, and NOX4 were significantly increased by 3.47 ± 0.28-fold, 2.52 ± 0.21-fold, and 3.25 ± 0.19-fold in ZF rats, respectively, compared with those in ZL rats (p < .05, Fig. 2D ).
Involvement of nF-κb Activation in the Gingival tissue of Zucker rats
We evaluated whether the level of the nuclear p65 subunit of NF-κB in the gingiva from ZF rats was increased. Immunoblot analysis showed that the nuclear levels of p65 subunit of NF-κB in the gingival tissue were increased in ZF rats by 4.6 ± 1.9-fold compared with those of ZL rats (p < .05, Figs. 3A, 3B ).
Immunohistochemistry of nF-κb Activation in the periodontal tissues of Mice Fed a high-fat Diet
NF-κB, when activated, is marked by increased GFP-positive areas in the tissues of cis-NF-κB EGFP mice (Mima et al., 2012) . We evaluated NF-κB activation in the periodontal tissues of cis-NF-κB EGFP mice. GFP-positive areas in the periodontal tissue were observed in all mice fed a high-fat diet, while GFP expression was minimally detected in the normal-diet group. The GFPpositive area corresponded with endothelial cells, identified by CD31 immunofluorescence staining (Fig. 3C) . Effects of Anti-oxidant, pKc Inhibitor on Insulin-induced Akt, enOs, and Erk1/2 phosphorylation in Gingiva of Zucker rats ex vivo PKC activation can inhibit insulin-stimulated p-Akt and p-eNOS (Naruse et al., 2006; Mima et al., 2011) . Therefore, we evaluated whether inhibition by GFX, a general PKC inhibitor, can decrease insulin resistance in the gingiva from ZF rats. Addition of GFX reversed the inhibitory effect on insulin-induced p-Akt and p-eNOS detected in the gingiva from ZF rats by 26.4 ± 4.2% and 27.1 ± 6.4%, respectively (p < .05). Similarly, the addition of NAC partially normalized this inhibition on p-Akt and p-eNOS by 23.6 ± 6.8% and 22.3 ± 7.1%, respectively (p < .05, Figs. 4A-4D ).
DIscussIOn
In this study, we provided the first quantitative analysis of insulin-signaling pathways in the gingiva and have demonstrated selective impairment of insulin action on the PI3K/Akt/ eNOS pathway in obesity and insulin-resistant states. Further, we showed that the mechanism for insulin resistance in the gingiva is related to oxidative stress and activation of PKC. One potential consequence of insulin action loss is to lower eNOS expression and action, which can increase inflammation and possibly oxidative stress in the gingiva, even when microbiological infection is not present as in this study. Multiple inhibitors of insulin action could be present in the gingiva. It is known that elevated FFA and hyperglycemia, through PKC activation, can decrease eNOS expression via the inhibition of insulin-stimulated PI3K/Akt phosphorylation upstream of eNOS activation. Nitric oxide in the gingiva can regulate cyclooxygenase, osteoblast activities, leukocyte adhesion, and release of superoxide (van't Hof and Ralston, 2001) . Inhibitors of NOS have been shown to increase inflammation and bone resorption in experimental periodontitis (Leitão et al., 2005) . Thus, our findings that eNOS expression and activity are decreased in ZF rats could contribute to the acceleration of periodontal tissue breakdown with elevated levels of inflammation and impaired tissue repair, which have been reported in obese and diabetic rodent models without experimentally induced periodontitis (Ohnishi et al., 2009) . Mechanistically, the finding of selective insulin resistance via the IRS/PI3K/ Akt cascade, but not the Erk/MAPK pathway, is consistent with similar findings in muscle, liver, kidney, adipose tissues, and vascular tissues from insulin-resistant and diabetic animals and patients (Appendix Figs. 2, 3) (Goodyear et al., 1995; Mima et al., 2011) . We have reported that PKC activation can induce specific serine phosphorylation on the insulin receptor and PI3K to inhibit insulin signaling in vascular cells (Park et al., 2013) . Further, the PKCβ2 isoform selectively inhibits insulin action in the gingiva consistent with many other tissues in ZF rats (Naruse et al., 2006) . Decreased eNOS activity in gingival capillary was especially similar to endothelial cells from kidney or fat tissue (Naruse et al., 2006; Mima et al., 2011) . The increase in PKC activation is likely due to the elevation of FFA in ZF rats (Inoguchi et al., 2000) as we have reported to increase synthesis of diacylglycerol (Inoguchi et al., 1992) .
It is also possible that PKC can activate oxidases and inflammatory cytokines in the endothelium to attract inflammatory cells (Karima et al., 2005) . Thus, we demonstrated that inflammation was increased in the gingiva from ZF rats as described by the high level of NF-κB activation and in mice with the NF-κB promoter-GFP gene on HFD. Interestingly, ROS also appears to be increased in the gingival, as shown by the increased expression of P47, NOX2, and NOX4. Although obesity increased oxidative stress and periodontal inflammation, it did not affect mandibular alveolar bone loss. This is similar to results from previous animal studies, even though the subjected jaw or measured sites (buccal or palatal/lingual) were different. Endo et al. (2010) reported a 2-fold increase in leukocyte infiltration of periodontal tissue in ZF rats compared with ZL rats, but maxillary alveolar bone loss did not develop. Diet-induced obesity showed significantly higher occurrence of spontaneous periodontal breakdown in Wistar rats (Cavagni et al., 2013) . However, another study reported maxillary alveolar bone loss in ZF rats when infection is present (Pontes Andersen et al., 2007) . Thus, inflammation and oxidative stress alone are not adequate to cause periodontal bone resorption, which requires infection, but may accelerate this process. Impairment of periodontal tissue immune function may explain the underlying mechanism for how obesity affects periodontal tissue breakdown. Impaired immune function can be due to FFA exposure, which attenuates innate responses against P. gingivalis (Zhou et al., 2009; Amar and Leeman, 2013) . We propose that gingival insulin resistance can affect periodontal repair and destruction, since insulin signaling regulates survival actions, including cell proliferation and angiogenesis, via the IRS1-Akt pathway (Rask-Madsen and King, 2013). One potential confounding factor is the leptin receptor mutation, which could affect insulin signaling in the gingiva. However, this is unlikely, since leptin signaling has not affected insulin signaling in peripheral tissues, and full leptin receptors are found mostly in the central nervous system. Further studies will be needed to identify the cell type in ZF rat gingiva, other than endothelial cells, where insulin resistance is occurring in HFD-induced obesity or diabetic models. In summary, PKC activation and oxidative stress selectively inhibit insulin-induced Akt and eNOS activation in gingiva in obesity. This may cause endothelial dysfunction and inflammation, leading to periodontal disease progression and delayed wound-healing.
AcKnOWlEDGMEnts
This work was supported by a National Institutes of Health/ NIDDK RO1 DK053105-13 grant to G.L.K. K.M. is the recipient of a Research Fellowship (Hiroo Kaneda Scholarship, Sunstar Foundation, Japan) and a Grant-in-Aid for Young Scientists(B) 25862043 from the Japan Society for the Promotion of Science. A.M. is the recipient of a Grant-in-Aid for Scientific Research from the Japan Society for the Promotion of Science (24890148) and the Takeda Science Foundation. This project was also supported by a National Institutes of Health/NIDDK 5P30 DK 36836 grant to the Specialized Assay Core of the Joslin Diabetes Center.
